Objective: This research evaluated the hemodynamic conditions before and after the transcranial photobiomodulation therapy (PBMT) and investigated neurocognitive changes before and after treatment. Background: Traumatic brain injury (TBI) is the major cause of morbidity and mortality among individuals 21-60 years old and causes *500,000 people to be hospitalized in Brazil annually. Some survivors develop an irreversible decrease in neurological function, and the mortality rate is as high as 70% in severe cases. PBMT is an alternative to treat secondary injuries due to TBI. Methods: This multidisciplinary clinical study was carried out on 10 chronic adult patients with severe TBI, who were treated with PBMT with an optical device containing 13 sets of 4 light emitting diodes, and underwent hemodynamic transcranial Doppler and neuropsychological evaluation at three different times: pre-PBMT, post-PBMT (after a week), and late-PBMT, which occurred 3 months after the last session. The patients received PBMTs three times a week, for 6 weeks. PBMTs were performed for 18 sessions for 6 weeks and 30 min per session. Results: The results found an alteration in the cerebral blood flow (CBF) as well as a consequent increase of the cerebral oxygenation that helped to improve the cerebral function. Conclusions: The PBMT contributed to increased CBF, evidenced mainly by the increased left peak systolic velocity, which consequently increased the hemodynamic response after the PBMT and impacts on the peripheral cerebral perfusion contributing to improved cerebral function.
Introduction
T raumatic brain injury (TBI) is the leading cause of worldwide morbidity and mortality among individuals between the age of 21 and 60 years, with about 500,000 people hospitalized annually in Brazil. This injury, generated by external trauma, causes anatomical and functional changes in the brain. It might also disrupt the axonal and microvasculature, resulting in diffuse axonal injury (DAI). [1] [2] [3] It is estimated that about one-third of LAD victims die. Commonly, survivors have persistent neuropsychological deficits, and impaired consciousness is more frequent than in other types of closed skull trauma. 4, 5 Low-power light therapy, as also known as photobiomodulation therapy (PBMT), has been investigated, and evidence suggests that the interaction of light with biological tissues can obtain excellent therapeutic results. 6 Photobiomodulation (PBM) is an incoherent radiation source with great divergence of light beam and high optical output power. Strong evidence exists of the therapeutic effects of the PBM to treat pain and other symptoms. [7] [8] [9] [10] [11] It is painless and quite efficient in several therapeutic modalities, with antiedematous and analgesic effects. PBM stimulates the release of endorphins, inhibits nociceptor signals, controls the mediators of pain, causes anti-inflammatory effects, reduces tissue edema and hyperemia, increases vascularity, restores neural function after injury, and modulates immune system cells to assist in the repair process. [12] [13] [14] [15] This study examined a noninvasive method of neural stimulation to safely penetrate the brain and increase cell metabolism during treatment, and studied whether these effects may persist after the end of treatment. 11, [13] [14] [15] Based on these principals, this study aimed to evaluate hemodynamic conditions before and after the PBMT to verify the possible mediation and late neurocognitive alteration of patients attended at the Neurotraumatic Outpatient Clinic of the Neurosurgery Division-Clinical Hospital of the Faculty of Medicine at the University of São Paulo, Brazil (HCFMUSP).
Methods
This is a multidisciplinary clinical study. Therefore, 14 patients, who had suffered TBI and were between 18 and 60 years old, were selected. The participants were an average age of 37.8 -10.2 years and of both genders. The time after TBI ranged from 4 months to 4 years. Later, 1 participant dropped out and 3 were excluded because they had not performed transcranial Doppler (TD) before and after the PBMT; thus, 10 participants remained in the study. They presented different types of lesions, among them subdural hematoma, subarachnoid hemorrhage, diffuse axonal lesion, and contusions. Participants were evaluated each time, keeping the same order, and all of them achieved the maximum score (15) of the Glasgow Coma Scale and underwent TD before and after PBMT and received three neuropsychological evaluations: pre-, post-PBMT (after a week), and late-PBMT (3 months after the last session; Fig. 1 ).
The epidemiological and clinical characteristics of the sample are described in Table 1 .
The project was approved by the Research Ethics Committee of the Hospital of Clinics of the Faculty of Medicine of the University of São Paulo (CAPPESQ-HCFMUSP) and the Research Ethics Committee of HCFMUSP and approved by the CAAE under number: 33563014.2.0000.0068, respecting all ethical and legal precepts established by resolution 466/2012.
Procedures
The participants' cerebral blood flow (CBF) with DT were evaluated at two times: pre-and post-transcranial photobiomodulation. Evaluation occurred after a week of PBMT.
Protocol for TD
The equipment used for the evaluation was Doppler (Multidop X-4; DWL, Sipplingen, Germany), operating in the frequency of 7.5 MHz in B-mode with linear probe. It rated the arteries of the polygon of Willis, the peak systolic velocity (PSV), the end diastolic flow velocity (DFV), and the pulsatility index (PI). The focus was to evaluate the right and left middle cerebral arteries (MCAR and MCAL), because of the easy access by transtemporal acoustic pathways (located above the zygomatic arch) due to its fine bone structure. 16 The most valuable findings in the TD interpretation were the CBF and the PI, which were described by the degree of variability between the highest blood flow speed that occurred during the different phases of the cardiac cycle (systole and diastole), consequently demonstrating the peripheral resistance of the organ supplied by the analyzed artery.
The examination was performed at the HCFMUSP-Division of Neurosurgery.
Neuropsychological evaluation protocol
The neuropsychological evaluation determined emotional and cognitive measures, as well as characterized their complexity and severity that are directly related to the type of brain injury.
Neuropsychological tests
Each assessment session lasted *1 h and 30 min. Patients completed the questionnaires either independently or with the help of the neuropsychologist:
The Beck depression inventory (BDI)-II is a structured instrument with 21 categories of depressive symptoms and attitudes that allow self-description of the cognitive behavioral and somatic manifestations of depression. Higher scores indicate high levels of depressive symptoms.
The Beck anxiety inventory (BAI) is a structured instrument with 21 multiple-choice questions, which is used for self-assessment of anxiety levels. Higher scores indicate high levels of anxiety.
The Stroop test-Version Victoria (selective inhibition and attention) evaluates the speed of information processing, selective attention, and executive function of inhibition and control. In the test, three cards are presented to the participants at different times evaluating their ability to differentiate colors and words. The score is measured in seconds of execution.
Trail making test-forms A and B (TMT A and TMT B) both require perceptual tracking of a sequence and speed performance; TMT B also requires divided attention. The score is measured in seconds of execution.
The symbol digit test (processing speed) is applied to evaluate processing speed. The participant must be able to relate a symbol to a digit as fast as possible. The score is measured in seconds of execution.
The Rey auditory verbal learning test (RAVLT-episodic memory) assesses episodic, immediate memory, verbal learning, susceptibility to interference (proactive and retroactive), retention of information, and recognition. The scores are computed according to the number of correctly recalled words.
The complex Rey figure (visual construction and memory) is used to evaluate visual memory, visuospatial ability, and some functions of planning. Individuals first copy the complex Rey figure and after 3 min, they are asked to reproduce the same complex figure. Higher scores indicate better performance. [17] [18] [19] The verbal fluency (phonological F-A-S, and semantic category). For the phonological test, participants must recall as many words as possible beginning with the letters F-A-S with 60 sec for each word. For the semantic category test, the participants recall as many words as possible related to a specific categorical group (animals or fruits) for 60 sec. 20 
PBMT protocol
Participants were presented the research protocol, and the optical device was demonstrated. After receiving information, the participants signed the informed consent term (ICT) and initiated the PBMT protocol.
The radiation source for the applied PBMT was an optical device containing 13 sets of 4 light emitting diodes (LEDs), evenly distributed over the skull cap with a mean area of 400 cm 2 . The model device PBMT 1-Medical Systems-São José dos Campos emits radiation in the red range with peak at 630 nm.
Calculation of irradiated area
To calculate the radiated area of the skull, the equation of an ellipsoid of revolution was used, which in this case is scalene (a s b s c), where ''p'' is a constant with a value of *1.6075; 
Calculation of energy density (fluency)
To calculate the applied energy density, Equation 2 was used:
The set of LEDs contained in the optical device has a total optical power of 830 mW, which after crossing the cerebral structure reduces to 25.73 mW/cm 2 ; thus, 0.12 J/cm 2 is expected to reach the gray mass, the layer more external, formed by the bodies of neurons. Considering the irradiation time equal to 30 min, we can calculate the energy density, which in this case is equal to 3.74 J/cm 2 and a total of 1800 sec. The PBMT protocol was performed three times a week for 6 weeks, totaling 18 sessions and a total of 32,400 sec of irradiation, according to Table 2 .
Statistical analysis
Descriptive analysis of the results considered the quantitative variables represented by their average and standard deviations when their distributions were normal, and by medians and interquartiles when not normal. The definition of normality was made through graphical analysis and Shapiro-Wilk test. The variables were represented by frequencies and percentages.
To evaluate the TD results, data were grouped and compared as the main dependent variable using the variation of the mean flow velocity (MFV) in the middle cerebral artery (MCA); therefore, a parametric analysis paired with the Student's t-test was used, as explained in the results. The results were considered significant when p values <0.05. The analyses were performed using the IBM Statistical Package for Social Sciences (SPSS Ò , Chicago, IL) 20.0.
Results
In this study, the evaluation of cerebral hemodynamic conditions was intended to identify possible alterations in the flow of MCAR and MCAL due to the high degree of TRANSCRANIAL PHOTOBIOMODULATION THERAPY IN TRAUMA impairment by the TBI, according to the lesioned area. The CBF of the MCAR and MCAL, the PSV, and the end diastolic velocity (EDV) were measured to verify the CBF changes. The most frequent diagnosis was DAI, usually associated with other types of lesions, and in this study, four participants were affected by this lesion according to Fig. 2A . Subarachnoid hemorrhage was present in three participants (Fig. 2B) , two presented subdural hematoma, and contusions were less frequent and more diverse (Fig. 2C) , including a right frontal bruise and another temporal parietal associated with other lesions (Fig. 2D) .
The correlation between the type of lesion, the period between the occurrence of TBI and the beginning of the PBMT, and the results of the average velocity in the right and left cerebral arteries pre-and post-PBMT are described in Table 3 .
Therapeutic responses are most likely to depend on the length of time between the occurrence of TBI and the beginning of PBMT. In this study, all subjects who underwent PBMT had suffered a TBI for at least 4 months and a maximum of 4 years before PBMT.
From the use of the TD technique, Table 4 compares the pre-and post-PBMT results of MFV, MCAD, and MCAL considering the different types of trauma and the time lag between trauma and therapy. The MFV, MCAD, and MCAL results presented in Table 3 indicate that the participants affected by DAI up to 8 months had better responses to the PBMT than those with other types of lesions, even if these results were not statistically significant.
The following histogram presents CBF results in MCAD and MCAL at the pre-and post-PBMT tests, with an increase in mean CBF in MCAL post-PBMT, although without statistical significance. Figure 3 shows the results of bilateral PSV before and after PBMT. The averages were elevated in post-PBMT in both hemispheres, and the left hemisphere PSV presented a significant increase ( p < 0.007).
The TD results in the pre-and post-PBMT periods are observed in Table 4 , with the main indicators of blood flow in MCAR and MCAL.
The hemodynamic evaluation of MCAR found a discrete reduction of CBF, but with a relative increase of PSV and end diastolic velocity (EDV), although without significance. The PI measures the variation of the highest flow velocity that occurs during the different phases of the cardiac cycle, expressing the peripheral resistance of the organ supplied by the analyzed artery. The established parameters for PI range from 0.49 to 1.01; the average PI pre-PBMT was 1.05 and that post-PBMT was reduced to 1.02.
Neuropsychological evaluation
The results of neuropsychological evaluations indicate an improvement in the performance of some test that evaluated brain function. Table 5 presents the results of neuropsychological performance comparing pre-PBMT, post-PBMT, and late-PBMT. In some tests, higher scores indicate better results (complex Rey figure; RAVLT, verbal fluency test F-A-S, and In the F-A-S evaluation, the performance improved in the post-PBMT evaluation and decreased in the late-PBMT evaluation. This performance was repeated in the semantic F-A-S.
The evaluation of Rey's figure-immediate recall found an improvement in the average performance between the pre-PBMT and post-PBMT mediate tests.
In the RAVLT evaluation, individual performance increased for some study participants, with increased performance identified between pre-PBMT, post-PBMT, and late-PBMT
The performance evaluation in the Stroop test showed small variations between the pre-PBMT, post-PBMT, and late-PBMT evaluations, also not presenting statistical significance for the evaluation of the selective functions, processing speed, and construction of the executive function called ''inhibition'' and ''control'' evaluated by this test. Table 6 presents the results of the variation of the selfassessment of BDI-II and BAI. The BDI evaluation demonstrated a reduction of the average scores in the post-PBMT assessment that was maintained in the late-PBMT evaluation. However, in all evaluations, the means remained within the classification of mild depression. BAI self-assessment demonstrated a progressive increase in average post-PBMT and late-PBMT assessments, but these levels of anxiety are classified as a minimum degree of anxiety.
Discussion
This study verified the effects of PBMT on patients during the convalescence period and chronic patients, both with severe TBI, with different lesions due to TBI. The most frequent was the DAI, which is a microscopic lesion with severe consequences, high mortality, associated with temporary and permanent disabilities, evidenced up to 12 months post-trauma. 22 Of the four participants who presented TBI with DAI, three had an increase in bilateral MFV MCAR. Consider that the disabilities resulting from DAI are related to rotational forces involving shear axon injury, dysregulation of CBF, and cerebral metabolism, with direct consequences on memory functions, difficulty in learning new information, problem solving, and planning, PBMT by promoting better blood circulation that facilitates cerebral oxygenation can contribute to neurogenesis and improve brain function. [23] [24] [25] [26] [27] The CBF and MFV MCAR and MCAL of each participant increased, although the pre-and post-PBMT average were not statistically significant. Schiffer et al. also observed improvement in CBF after an application of PBMT on 10 patients with a history of depression, anxiety, and chemical use. The PBMT (810 nm) was applied at two different areas of the frontal region with fluence of 60 J/cm 2 . The researchers measured the amount of hemoglobin in the right and left prefrontal region and found an increase in local CBF in irradiated patients, although not statistically significant. 28 We found a significant increase ( p £ 0.007) of left PSV after PBMT, a result similar to Salgado et al., who applied PBMT (627 nm, 70 mW/cm 2 , 10 J/cm 2 ) at four points of the frontal and parietal region for 30 sec each, twice a week for 4 weeks in 25 healthy elderly women (>65 years), and they also observed a significant increase of PSV and ED of the left MCA (25% and 30%, respectively) and the basilar artery (between 17% and 25%). 11 We believe that the increase in PSV was caused by the shear stress in the endothelium walls, leading to an increase in local pressure, which favored the activation of signaling cascades in the endothelial cells, with consequent acute release of nitric oxide (NO) and prostacyclin. 29, 30 In that way, PBMT, by facilitating the increase of the CBF, stimulates the production of NO, which is an important molecule of neuronal signaling, with the capacity to provoke vasodilation from the stimulation of guanylate cyclase, which is soluble in the formation of cyclic GMP, which will activate the protein kinase G, leading to the reuptake of Ca 2 + and the opening of the calciumactivated potassium channels, consequently reducing the Ca 2 + concentration in the endothelium, thus promoting vasodilation. 31 In this study, the therapeutic responses were related to the period between the TBI and the beginning of the PBMT; participants were in the period from 4 months to 4 years post-TBI. CBF increased with increase of MFV MCAR and MCAL in all participants who were between 7 and 8 months post-TBI. In contrast, the only participant at 18 months post-TBI had a reduction of MFV MCAR and MCA post-PBMT (MCAR: 56-42 cm/sec; MCAL: 65-58 cm/sec, respectively), suggesting a low therapeutic response for cases in whom the injury occurred >12 months.
Our study observed that of the three participants with a subarachnoid hemorrhage, two obtained an increase in the MFV MCAR and MCAL post-PBMT, and one presented different vasomotor behavior than expected. This participant was in the fourth month after TBI and initially the MFV MCAR was 57 cm/sec, after the PBMT, the MFV MCAR reduced to 32 cm/sec, which is below the established value (<42 cm/sec) and maintenance of the MFV MCAL (49 cm/sec), suggesting an anti-inflammatory response, with reduction of CBF in the hemisphere with greater impairment.
Hennessy and Hamblin argue that PBMT might have wider systemic effects. That is, it may stimulate the production of macrophages and mast cells, which can benefit the brain. 28 Moreover, regardless of the area of treatment, it could lead to negative regulation of proinflammatory cytokines and to the positive regulation of anti-inflammatory cytokines throughout the body, which means that the brain can still benefit from the positive effects, even when it is not the target of the therapy.
The evaluation of cerebral hemodynamics verified the increase in CBF, which according to Ohm's law has a direct correlation with cerebral peripheral perfusion and is inversely proportional to cerebral peripheral vascular resistance. Increasing peripheral cerebral perfusion increases vascularization in adjacent tissues, thus favoring brain function. In that way, we believe that the increase in CBF in MCAR and MCAL has a positive effect on improving brain function.
Brain function is related to the roles played by the rightand left-brain hemispheres, which act as complementary parts of an integrated system. Although these hemispheres are complementary, they have distinct roles in the process of acquiring knowledge and in the conduct of humans. 32 In this study, we used the neuropsychological evaluation to verify the possible neurocognitive and neurobehavioral changes, both mediates and late, due to PBMT. The ability for visuospatial learning is related to the medial temporal lobe in the nondominant hemisphere. The Rey's complex figure-immediate recall evaluation (E7) exhibited a trend toward improvement ( p < 0.07) in the average performance between the pre-PBMT and post-PBMT periods, which demonstrates the trend toward improvement in visual episodic memory, planning, organizational skills, and executive functions.
The evaluation of the symbol test, comparing pre-and post-PBMT, also showed a tendency to improve, with an increase in information processing speed. We observed a positive linear trend for executive function in the inhibition of Stroop 3. Naeser et al. 13 also applied PBMT in two patients suffering from chronic TBI, who presented cognitive deficits, functional capacity losses, with serious repercussions on their lives. One of the patients was subjected to Stroop 3, and presented positive performance between the first and second evaluation. Naeser et al. also used PBMT in patients with moderate chronic neurological lesions, with significant results in Stroop 3. 14 The performance during RAVLT language test in the post-PBMT and late-PBMT suggests some improvement. The individual performance of two participants increased by 1.46 in the z score. Naeser et al. 14 also observed improvement in verbal learning and memory assessed by California Verbal Learning Test-Second Edition (CVLT-II); after 18 sessions of PBMT in 11 patients, the significance over time was found with moderate and chronic TBI. In this case, they used a device emitting red (633 nm) and infrared (810 nm) radiation with power and energy density in the order of 10 times higher than that used in our study. Hipskind et al. 33 applied pulsed PBMT to 12 veteran military victims of chronic TBI using 2 devices with 220 infrared LEDs and 180 LEDs emitting red radiation, generating a power of 3.3 W and an energy density of 7.7 J/cm 2 . After neuropsychological evaluation, they observed a significant improvement in performance in 8 of the 12 tests performed, among them being verbal learning assessment, performed by the CVLT-II.
In our study, the participants reported a reduction in the symptoms of post-traumatic stress disorder, with a reduction in the complaint of insomnia and depression, also evidenced in the self-assessment of depression by the BDI. The mean reduction in the post-PBMT remained in the late-PBMT evaluation. The means for the self-evaluation of BAI anxiety levels also increased, although these levels only reduced from the minimum grade to the mild grade. In this case, due to the fact that 75% of patients use regular anxiolytics and antidepressants, the results were certainly influenced by PBMT and drug therapy. Morries et al. used PBMT with high energy density ranging from 55 to 81 J/cm 2 in the near infrared (NIR) region in 10 patients with chronic TBI during 10 sessions for 2 months. In these conditions, they also observed reduction of chronic symptoms of TBI, such as headache, sleep disorders, cognition, mood dysregulation, anxiety, and irritability post-PBMT. 34 Schiffer et al. 28 also used self-assessment scales for depression and anxiety (Hamilton scale) after applying PBMT session in 10 patients diagnosed with depression, anxiety, and substance abuse, and they found significant reductions in 2 weeks and remission in some patients after 6 weeks of irradiation. Saltmarche et al. used the pulsed LED with PBMT, in the 810 nm, 10 Hz spectrum, combined with a daily intranasal device to treat patients with Alzheimer's disease with moderate-to-severe dementia for 12 weeks of active treatment with 4 weeks of rest. The evaluated patients presented improved sleep pattern and reduced incidence of rage and anxiety. 35 Evidence has shown that PBMT in regions of the visible and NIR provides neuroprotection and neuroregeneration. This effect can be explained by the fact that radiation when penetrating in the cranial cavity is absorbed by cytochrome C oxidase (CCOx), which is a terminal enzyme in the mitochondrial respiratory chain of cortical neurons, promoting the increase in cellular respiration for a time beyond exposure. Consequently, we observed the reduction of reactive oxygen species and increased production of adenosine triphosphate (ATP), which is an important nucleotide for the central nervous system and contributes to the recovery of depressive disorders. The reduction of platelet ATP has been associated with depression. 23, 36, 37 
Conclusions
The aim of this study was to evaluate hemodynamic conditions before and after PBMT in patients with TBI. At the same time, we searched prospectively for possible neurocognitive changes as a result of the use of PBMT in patients with TBI.
PBMT contributed to the increase of the CBF, evidenced mainly by the increase of the left PSV, consequently increasing the cerebral oxygenation that had repercussion in the peripheral cerebral perfusion contributing to the improvement of cerebral function.
The neuropsychological assessment showed a trend to improve visual and verbal episodic memory, planning, and processing speed, which suggests some improvement of cognitive function in these patients.
Limitations
This study had limitations, including the small sample size, absence of a sham control group, and different types of patients with severe TBI.
Although no optimal dose has been demonstrated for the treatment of TBI, since in this study the dosimetry was lower than in other studies, this may have affected behavioral and blood flow changes.
There is insufficient literature to determine whether red or NIR should be used alone or in combination in PBM treatments. NIR would penetrate deeper, and this study used only red LEDs. This should be considered a limitation, especially as the study is working with severe TBI.
More studies are needed to determine whether severe cases of TBI would need longer or more frequent treatments. Other studies could determine the response to therapy in the most severe cases.
In addition, further studies on the effects of unilateral, left-only, right, and bilateral lesions, and their effects on treatment response would be needed.
The positive results indicate the need for additional studies with a larger sample size, also using identifiable biological markers in the process of neuroregeneration.
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